Abstract-This paper describes the instructional design, implementation, and assessment of a virtual laboratory based on a numerical simulation of a chemical vapor deposition (CVD) process, the virtual CVD laboratory. The virtual CVD laboratory provides a capstone experience in which students synthesize engineering science and statistics principles and have the opportunity to apply experimental design in the context similar to that of a practicing engineer in industry with a wider design space than is typically seen in the undergraduate laboratory. The simulation of the reactor is based on fundamental principles of mass transfer and chemical reaction, obscured by added "noise." The software application contains a 3-D student client that simulates a cleanroom environment, an instructor Web interface with integrated assessment tools, and a database server. As opposed to being constructed as a direct one-to-one replacement, this virtual laboratory is intended to complement the physical laboratories in the curriculum so that certain specific elements of student learning can be enhanced. Implementation in four classes is described. Assessment demonstrates students are using an iterative experimental design process reflective of practicing engineers and correlates success in this project to higher order thinking skills. Student surveys indicate that students perceived the virtual CVD laboratory as the most effective learning medium used, even above physical laboratories.
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I. INTRODUCTION
T HE traditional undergraduate laboratory class is delivered in a mode where small student teams work with dedicated equipment physically located in a laboratory. Students are typically tasked with taking a set of experimental measurements, analyzing the data, often in the context underlying theory in the curriculum, and reporting the findings. The pedagogical value of the hands-on experience that a laboratory provides is ubiquitously endorsed by educators [1] . However, in practice the engineering laboratory has limitations as well. The traditional mode of delivery requires large amounts of resources for a high quality student experience since students must be supervised and equipment is expensive to purchase and maintain. Moreover, versatile laboratory experiences are needed that can accommodate students enrolled via distance education.
A possible way to overcome the limitations of the traditional physical laboratory is to use alternative modes of delivery. One alternative approach is the use of Web-based remote delivery and virtual laboratories. In the remote delivery mode, students off site can control the equipment and collect data using a Web-based interface. Examples have been reported in process control, power electronics, networking, fluid mechanics, photonics, and digital signal processing [2] - [8] . In a virtual laboratory, simulations based on mathematical models implemented on a computer can replace the physical laboratory. In the most straightforward manner, the virtual laboratory is used as an alternative mechanism for achieving the same learning outcomes as in the corresponding physical laboratory. Virtual versions of standard laboratories have been developed and integrated into engineering [9] - [11] and science [12] - [14] curricula.
The effectiveness of Web-based remote laboratories and virtual laboratories as a direct replacement of their physical counterparts has been assessed. Several researchers have concluded that student learning is not detrimentally affected by using Webbased remote laboratories; in fact, students appreciate the flexibility that they offer [2] , [4] - [8] . Analogous studies indicate that no significant difference in student learning results from using virtual laboratories versus physical laboratories [15] , although feedback from students indicates that the complete removal of physical laboratories from the curriculum would not be welcome [10] . One study examined a laboratory delivered to mechanical engineering juniors in all three modes [16] . The authors describe differences in the achievement of student learning outcomes based on mode of delivery. While a given mode improves some learning outcomes, others diminish. For example, the authors report that students who experienced the nonproximal (Web-based or virtual) modes showed deeper levels of cognition in aspects of analysis of the data, both being more likely to identify nonidealities in the experimental results and more likely to demonstrate an understanding of the consequences of the nonidealities. However, as compared to the Web-based remote mode, students experiencing the virtual mode displayed a lesser grasp of the real context, even with both groups using identical interfaces. The authors suggest that if instructors choose an alternative mode as a deliberate educational choice, rather than a convenient alternative, they can improve certain specific learning outcomes in laboratories.
Indeed, a few cases have employed an alternative paradigm where the virtual laboratory was constructed as a complement to the physical laboratory. When viewed in this way, a virtual 0018-9359/$25.00 © 2008 IEEE laboratory can be designed to extend the range of the learner specifically, allowing completion of tasks not otherwise obtainable. A virtual laboratory in circuits was used as a "primer" to complement the corresponding physical laboratories [17] ; the intent was to orient the student for the physical laboratory to come. The authors suggest that this approach can elicit learning outcomes that are not possible from completion of a standalone physical laboratory, such as allowing students to go through a debugging process for which they typically do not have time. A virtual laboratory has been developed to allow students to apply the Taguchi method to determine the 14 design parameters of an extrusion process in just 90 minutes [18] . The simulation, which was based on an arbitrary mathematical model, performs the experiments and calculates the relevant statistics, freeing students to do other tasks. In particular, students compare their results from a trial and error approach to results from the more structured Taguchi method. In contrasting scope, a capstone environmental engineering design project used a virtual laboratory to allow students to perform as a field engineer, drilling boreholes, collecting core samples, constructing wells, collecting groundwater samples, submitting samples for laboratory analysis, and executing hydraulic and transport experiments at a virtual hazardous waste site [19] . The assessment indicates that students gained deep content knowledge, linking theory to real-world applications; additionally, students reported an improvement in their ability to handle complex projects and problem-solving skills [20] .
This paper describes the virtual chemical vapor deposition (CVD) laboratory, which has been designed to promote student learning in ways that are difficult to address with the physical laboratories at the university. First, because of its structure, the virtual CVD laboratory allows students to experience the complete, iterative experimental design process typical of practicing engineers. Second, the context of the project is reflective of the physical and social context found in industry, and the solution process encourages students to synthesize and toggle between statistics and engineering science concepts. These aspects facilitate integration and transfer of knowledge. The instructional design, software design, implementation, and assessment of the virtual CVD laboratory are presented.
II. INSTRUCTIONAL DESIGN AND PEDAGOGY
An overview of the virtual CVD laboratory with a focus on how it applies relevant educational theory to promote student learning of experimental design is presented in this section.
A. The Virtual Chemical Vapor Deposition Reactor
CVD is an important unit process used to grow thin films in the manufacture of integrated circuits and other devices [21] . While laboratories in semiconductor processing have been implemented in the university environment [22] - [24] , they tend to be resource intensive and utilize equipment many generations older than found in industry. The virtual CVD laboratory is based on a state-of-the-art industrial scaled vertical reactor, schematically shown in Fig. 1 . The particular reaction used is the deposition of silicon nitride from ammonia and dichlorosilane ( or DCS) gases. The virtual laboratory is based on a simulation using fundamental principles of mass transfer and chemical reaction, obscured by added "noise." More detail of the mathematical model is provided elsewhere [25] . Rather than having access to the entire output of the model, the film thicknesses are provided to students only at the points that they have decided to "measure." Since the reactor outputs are reflective of the chemical and physical phenomena occurring within the system, those students who integrate their fundamental engineering science knowledge should be more efficient with the experimental design. This approach is intended to allow conceptual integration of statistics and engineering science and lead to deeper understanding of both topics.
Students use the virtual reactor in the same manner as they would use a reactor in industry. They are tasked with optimizing reactor performance based on experimentation. In completing this project, they need to choose the values for the nine parameters for each of the runs they perform and choose the wafers and wafer locations on which film thickness measurements are made. Since student runs and measurements have a cost associated with them, a realistic economic constraint is present. This aspect discourages the use of unstructured trial and error approaches. The most effective performance will be a balance between optimization of performance and cost. Not only must students learn how to apply experimental design, they must also determine when their results are good enough, so that they can submit their "recipe" for production.
B. Experimental Design in Engineering Education
Experimental design is an essential but difficult skill to integrate into the engineering curriculum. The complete experimental design process used by those people who can be considered experts, for example, experienced practicing engineers or research scientists, is generically depicted in the flowchart shown in Fig. 2 . The expert conducts experiments to obtain information about a problem that has been identified. The next step in the process is to design the experiment. This step includes selection of the dependent variables (responses) and the independent variables (factors) to be investigated. An appropriate sequence of experiments, often in the form of a design of experiments (DOE) array, is then created. The experiments are then performed where the independent variables are set to specified values and the dependent variables are measured. The data are then summarized and analyzed using the appropriate statistical methods. The physical meaning of these data is inferred. Based on the analysis, the practical significance of the findings is determined; conclusions are drawn; and decisions are made. The decision often consists of identifying the next set of experiments that need to be conducted to answer the question. In this case, the design/analysis process is repeated, as represented by the curved arrow in Fig. 2 . Being adaptable and creative as they iterate is a trademark of successful experts. Finally, when the iterative process is complete, the findings are communicated in written or oral form.
A desired learning outcome in providing undergraduate laboratory classes is to get students to learn the experimental design methodology as practiced by experts and shown in Fig. 2 . However, the experience students have in the undergraduate laboratory can be dramatically different. A schema representing a common experimental process flow applied to physical engineering laboratory experiments is depicted in Fig. 3 . Because of the structure of the physical laboratory, certain portions of the experimental process are emphasized over others. For purposes of this work, cognitive capital is defined as the finite amount of mental energy and time that a student has to invest in the completion of a laboratory or project. Those steps that occupy the majority of the student's cognitive capital are shaded in Fig. 3 . To the students performing the actual experiment, getting the physical equipment to operate properly and obtaining the data are viewed as the paramount goals of the laboratory experience.
Students tend to view the laboratory as complete when they successfully use the laboratory equipment to obtain a meaningful set of data. This step often consumes a majority of the student's cognitive capital. The other major activity is the laboratory report upon which they are assessed and receive their grade. When their cognitive capital is spent on these activities, little remains for the critical steps of experimental design and analysis of data. In fact, the experimental design is often determined by the instructor and provided for the student. Furthermore, resource and time limitations diminish the likelihood that students can use their results to identify and perform further experiments. Thus, the process depicted in Fig. 3 is linear, as opposed to the iterative process shown in Fig. 2 .
C. Problem-Based Learning Through Instructional Scaffolding
The instructional design of the virtual CVD laboratory applies problem-based learning (PBL) to promote student learning of experimental design. PBL focuses on student-centered learning where instructional scaffolding is used to enable students to complete an authentic, open-ended problem successfully. Educational research into the effectiveness of PBL suggests four principles of good design for PBL: setting learning appropriate goals, providing scaffolding that promotes both student and teacher learning, providing formative assessment opportunities, and using social interactions to promote participation [26] , [27] .
Instructional scaffolding is an instructional tool that provides support, extends the range of the learner, and permits the completion of tasks not otherwise possible. The scaffolding is designed to be gradually removed as the students become more competent [28] . Scaffolding can be likened to training wheels in that scaffolding enables students to engage in more advanced activities that require a deeper level of cognition than would be possible without the presence of the scaffolding [29] . The virtual CVD laboratory acts as scaffolding by simulating the physical operation of the process and metrology equipment. This scaffolding allows a student to experience a different emphasis on the experimental design process than they typically encounter in a physical laboratory. A schema of the experimental process flow utilized in this virtual laboratory is depicted in Fig. 4 . The student is provided with a problem statement which includes a set of independent variables to explore and a mechanism to measure the response variable. Student effort is then focused on developing an experimental strategy (often in the form of a DOE design array) to explore the design space and solve the problem. In contrast to a physical laboratory experience, the next step in the process is performed virtually by the simulation. Therefore, this step consumes a relatively small amount of the student's cognitive capital and is not shaded in Fig. 4 . Thus, the student can invest cognitive capital on the analysis and interpretation of the data, and also on applying their conclusions to iterate on the experimental design. This process continues until the student decides that the problem is solved, at which time he or she reports the findings. In these ways, the experimental approach offered by the virtual CVD laboratory is reflective of the approach of practicing engineers depicted in Fig. 2 .
Furthermore, the cognitive processes needed to complete these tasks complement the haptic skills emphasized in typical physical laboratories. Specifically, students will need to operate at the highest cognitive levels of Bloom's taxonomy [30] -analysis, synthesis and evaluation-to navigate the experimental design process successfully.
The virtual CVD laboratory also applies the idea of situated cognition by replicating key aspects of the social and physical environment prevalent in industry. Situated cognition contends that situations coproduce knowledge with activity. Therefore, the method and content should be properly situated and reflect the desired outcomes of the learner [31] . Applying situated cognition to the engineering classroom suggests that by utilizing learning tools that replicate the social and physical context typically found in the workplace, engineering students will be able to more effectively transfer their cognitions and apply them to realistic engineering project work. One such aspect is both the goal and approach to experimentation. A practicing engineer does not routinely conduct experiments to elucidate fundamental principles, as is often the intended outcome in the undergraduate laboratory. More likely, the practicing engineer seeks to optimize performance of a process by investigating the effect of the input variables. Similarly, optimization of film uniformity is the direct student deliverable in the virtual CVD laboratory project. Students must account for cost constraints since they are charged virtual money for each run and measurement. Furthermore, the physical equipment modeled in this virtual laboratory is reflective of equipment and throughput currently found in cutting-edge semiconductor factories in that two hundred 300 mm wafers are processed in a batch. In contrast, a teaching laboratory at the university typically uses one to five 50 mm wafers. Therefore, specific cognitive tasks that a practicing engineer performs in a high-volume manufacturing plant, such as maximizing axial uniformity in the reactor, are not elicited by typical university laboratories. Even the physical look of a cleanroom is replicated in the 3-D student client, which allows a student to become familiar with this unique manufacturing environment.
Clearly, many benefits of integrating team work into engineering education exist. However, the sociocognitive interactions among members of a team of practicing engineers can be distinctively different among students in a physical laboratory at the university. The term sociocognitive interaction refers to both how the social dynamic of the group affects the cognitive activities of the individual, and how the cognitive tasks affect the social dynamic. The effective team of engineers collaborates to resolve high level cognitive tasks, such as experimental design, data interpretation, and the iterative process of redesign shown in Fig. 2 . When student teams operate a physical laboratory in the mode depicted in Fig. 3 , the haptic skills in collecting data and the verbal skills of communicating results are where collaboration inevitably occurs. The nature of the respective cognitive tasks drives different types of interaction between team members. Moreover, this social interaction is an important factor in determining the direction of the project. Inspection of Fig. 4 shows that the virtual CVD laboratory emphasizes the high level cognitive tasks of design and analysis, and consequently, promotes the type of sociocognitive interactions found in teams of practicing engineers. 
III. SOFTWARE DESIGN AND FEATURES
The virtual CVD laboratory software is designed to ensure ease of transportability and adoptability to different educational programs. Instructors who want to use the software in a course can sign up for an instructor account via the virtual CVD laboratory Web page [32] . The software is designed as three independent components: the 3-D student client, the instructor Web-based interface, and the data server. The relationship between these components is shown in Fig. 5 . More details of the software can be found elsewhere [25] .
The 3-D student client is a three-dimensional graphical interface that provides the look-and-feel of a typical semiconductor manufacturing environment. From here, the students can make reactor runs, take measurements, and obtain output data. Fig. 6 displays screen-shots of this interface. The reactor bay is shown in Fig. 6(a) . The reactor input screen [ Fig. 6(b) ] allows the student to specify the nine operating parameters needed to grow the thin films (five temperature zones, flow rates of ammonia and dichlorosilane feed gases, the reactor pressure and the reaction time). After the student has run a batch of wafers through the virtual reactor, that student can navigate to the metrology bay where access is available to a virtual ellipsometer to measure the film thicknesses. Fig. 6 (c) displays a view of the ellipsometer console used to choose measurement sites for a specific wafer. From these data, students can estimate the overall film uniformity. After the students have their final optimized reactor settings, they can submit the process recipe to production via the 3-D student client.
The second component, the instructor Web interface, allows the instructor to set up student accounts, view the students' interactions with the virtual CVD laboratory, and customize reactor parameters, if so desired. The difficulty of real-time assessment has been identified as a limitation to the effectiveness of physical laboratories [33] . To address this issue, the virtual CVD laboratory is designed with integrated assessment tools. The instructor Web interface contains an overview page, which shows the total number of furnace runs, measurement sets, and total cost. By clicking on a student's account name, the instructor can view the student's chosen reactor parameters for each run, and the student's measurement points and resulting measured values for each measurement set. The time at which the run or measurement set was made is also shown. An example of a set of student data is shown in Fig. 7(a) . These data can also be exported to a Microsoft Excel spreadsheet, as individual runs, measurement sets, or as a single combined spreadsheet. This feature enables formative assessment by allowing the instructor to provide real-time feedback to the students.
Summative assessment, or assessment of individual achievement, is automatically generated by the learning tool upon student completion of the assignment. First, a summary of the performance for each submitted final recipe is available in tabular form. This table reports the overall uniformity, standard error off target, the gas utilization, and the total cost for each student group with the chosen reactor parameters. Second, the standard error off target is plotted in graphical form for different axial positions along the reactor. Interpreting this graph and relating the graph to the table summarizing students' results, an instructor can assess how well a given group optimized the reactor. Assessment results from the instructor Web interface are presented elsewhere [25] .
Additionally, the instructor can customize the reactor behavior using the instructor Web interface. Instructors who do not wish this level of specificity can simply use the default values. Default reactor settings are shown in Fig. 7(b) . From this interface, the instructor may change the number of wafers, wafer radius, wafer spacing, and the virtual "cost" that the student is charged for making each furnace run and measurement set. The instructor can also change the number of temperature zones, the position of the thermocouple within each zone, and the "bias" associated with it. This feature allows unique solutions from year to year. Experimental errors are added to the students' measured film thicknesses via a normal distribution with standard deviation, . The instructor can change the parameter , so that smaller or larger experimental errors are observed by students.
The data server performs all of the calculations, stores data, carries out actions requested by users, and sends results back to users. The data server has several subcomponents: a mathematical model which is used to determine the film thicknesses on the wafers, a database used to store user relationships and data measured within each user account, and an XML-RPC server which runs as a daemon and handles requests from the 3-D student client and the instructor Web interface.
IV. IMPLEMENTATION
A summary of the experimental activity in the classes that have used the virtual CVD laboratory is shown in Table I . In 06), the virtual CVD laboratory was integrated into the first course of the required chemical, biological, and environmental engineering capstone laboratory sequence (ChE 414). In this course, two lectures were delivered to provide students the necessary background knowledge of the CVD process. In addition to the classes at OSU, the virtual CVD laboratory was implemented remotely in the Semiconductor Processing and Device Characterization MS Program at the University of Oregon (UO), Eugene. In summer 2006 (Su 2006), 11 graduate students completed the virtual CVD laboratory. This case illustrates a strength of the virtual CVD laboratory as an educational tool; the virtual laboratory can be creatively adapted to fit in and support any number of different curricular structures at remote locations. The virtual CVD laboratory was also used in a summer outreach program called Summer Experience in Science and Engineering for Youth (SESEY).
In the capstone laboratory sequence, the virtual laboratory was the first laboratory the students completed. The intent was to have every ChE, BioE, and EnvE undergraduate gain critical experience in the entire cycle of applying experimental design methodology prior to their experience with real equipment in the laboratory. The student teams next engaged in three relatively structured physical unit operation experiments. These laboratories focused on developing haptic skills. Finally the laboratory sequence culminated in an open-ended project, where the focus is on working independently, developing a project proposal, designing the experiment, completing experimental work, analyzing the data, and writing a final technical report that included recommendations for future work. In terms of instructional scaffolding, the final project reflects the case of removed scaffolding.
Before being granted access to the reactor, each group needed to develop a "preliminary design strategy" which had to be reviewed by the group and the instructor. To determine their initial reactor parameters, the students had to apply concepts learned in core engineering classes to this open-ended problem. This task was a direct indication of their cognitive ability to synthesize. In addition, the students needed to review the literature to determine realistic operating conditions; this task gave insight into their critical evaluation skills. The "preliminary design strategy" process ensured that the groups had a well planned approach before making runs, and was used so that students did not approach this project as a video game. As an application of situated cognition, this design strategy process is in analogy to obtaining management approval in industry.
In total, over 1,300 reactor runs have been made, and over 50 000 measurements have been taken. This high level of activity is unusual in a physical laboratory, even for much simpler experiments, and indicates that the virtual CVD laboratory is achieving its intended design of instructional scaffolding.
V. ASSESSMENT
A behavioral objective evaluation approach was implemented to measure the degree to which the intended learning outcomes of the virtual CVD laboratory had been met. Specifically, the assessment addressed the alignment between the students' experimental approach and the experts' approach (depicted in Fig. 2 ) and quantified the higher cognitive activity demonstrated by the students. Students' perception of the effectiveness of the virtual laboratory and their learning achievement was also measured.
A. Assessment of the Experimental Approach Used by Students
Traditional assessment methods, such as quizzes and tests, are effective for measuring the acquisition of facts, concepts and discrete skills. However, these methods have been shown to be less effective in assessing higher order cognitive activity than performance tasks that are designed to simulate real-world scenarios [34] . Because of the situated nature of the virtual CVD laboratory, completion of the project itself consists of such a set of performance tasks. Therefore, a task analysis of the students' approach to the project is an essential aspect of the virtual CVD assessment.
Six student groups participated in a "think-aloud" study to collect assessment data. In the "think-aloud" technique, students are observed while they verbalize their thought processes. This technique has been shown to give insight to their cognitive processes, especially in situations where higher order critical thinking ability is needed [35] . The "think-aloud" sessions entailed observation of the student groups throughout the entire virtual CVD project. All sessions were captured with an audio-recording device and later analyzed and coded to provide insight into the experimental design approach. Additionally, significant sociocognitive interactions and their effect on making key decisions were recorded. A task analysis was performed on the qualitative data to represent the unique experimental path taken by the student group. From this analysis, alignment with the desired experimental approach can be measured.
Schemas representing the experimental path taken by two student groups are depicted in Fig. 8 . The sequence of tasks completed by the groups is indicated numerically in the schemas. For example, Group A, represented in Fig. 8(a) , started the project with an experimental design based on a 2 level, 3 factor, full factorial DOE design array (task 1). After completing the first run in the array (task 2), they analyzed the data (task 3) and concluded that they were too far away from the target thickness (task 4). Their experimental approach degenerated to onefactor-at-a-time (task 5), and they proceeded to perform a series of single experiments, each followed by an analysis step (tasks 6-32). They continued this cycle of experimentation and analysis until they concluded that they had successfully optimized the process (task 32), at which time they submitted their final process recipe (task 33).
The experimental path of Group B, shown in Fig. 8(b) , reveals two distinct differences from Group A. First, Group B completed all eight of the runs prescribed in their DOE (tasks 2-9). Second, this group expanded the scope of the project to investigate some additional issues to evaluate if better uniformity could be achieved (task 49). Specifically, the group performed identical measurements on different ellipsometers and performed a replication run on the reactor using the final conditions (tasks 50-51); these experiments allowed them to determine the repeatability and reproducibility of the equipment, and let them know the statistical uncertainty of the process and the measurements (task 52).
Group A abandoned their planned DOE for one-factor at a time experimentation, and, therefore, needed to expend cognitive capital in the analysis which followed each run. In contrast, Group B completed their DOE, and, in addition, performed a measurement system analysis and a confirmation run. Group B was able to complete these additional tasks since they still had cognitive capital in reserve. This type of initiative is reflective of high performing engineers in industry and confirms the situated nature of the cognitive activity. Moreover, the fact that Group B completed these extra tasks is reflective of their perception of the virtual laboratory. If they did not consider this laboratory as "real", they would not pursue this type of statistical verification. Hence, this virtual laboratory appears to be capable of engaging students in just as "real" a manner as a physical laboratory.
Inspection of the schemas in Fig. 8 shows both Groups A and B achieved several iterative cycles. Group A completed one design cycle (outer loop) and eight analysis cycles (inner loop), while Group B completed two outer loops and 11 inner loops. Similarly, results from the task analysis from the other groups participating in the think-aloud sessions have been compiled and are shown in Table II . In all six cases, the groups demonstrated an iterative approach to experimental design, completing an average of 3.3 design loops and 11.5 analysis loops. This evidence suggests that students were engaged in the intended experimental approach that is depicted in Fig. 4 .
This analysis of the "think-aloud" sessions validates that the virtual CVD laboratory provides instructional scaffolding. The virtual laboratory minimizes the cognitive capital required to perform an experiment mechanically and, therefore, gives students a much broader experience in experimental design. Additional analysis of the think-aloud sessions was performed to give insight into sociocognitive interactions and their effect on key decision points. Primary decision nodes were influenced just as often by the personality dynamics of the team members as by technical veracity of the different approaches, if not more so. This result suggests that the social nature of group interaction plays a significant role in the experimental path, the overall achievement, and the degree of learning. Further investigation of the effect of sociocognitive interactions is warranted.
B. Assessment of Higher-Order Cognitive Activity
Evidence of cognitive activity requires a cognitive model that specifically reflects what students are intended to learn [36] . The development of an appropriate cognitive model becomes increasingly more difficult as increasingly higher level thinking is required. One of the first taxonomies of learning, developed by Bloom in 1956, describes six successively deeper levels of cognition that culminate with the highest level of cognitions-analysis, synthesis, and evaluation [30] . More recently, Shavelson developed a taxonomy of learning that distinguishes between declarative, procedural, and schematic knowledge [37] . The experimental approach that the virtual CVD laboratory intends to elicit has inherent alignment with Bloom's higher level cognitions. The steps in the expert's experimental design process (Fig. 2) "Design the Experiment," "Analyze & Interpret Data," and "Conclusions/Decisions" correspond directly to the synthesis, analysis, and evaluation levels of Bloom's taxonomy.
The written reports of eight student groups were analyzed for evidence of higher-order cognitive activity. For each group, a count of the number of statements present in the written reports which demonstrate analysis, synthesis, and evaluation was performed. Fig. 9 shows a plot of the number of statements versus the group's written report score and the instructor assessment of the achievement of learning outcomes, as demonstrated both in the written and oral reports. Both scores track proportionately with the number of high cognition statements, with the former showing saturation because scores could not exceed 100. One can infer that more activity in the higher cognitive domain results in better project performance.
C. Assessment Through Course Evaluations
Assessment data were collected from Likert-scale statements that were part of the overall ChE 444/544 course evaluations in Fig. 9 . Evidence of higher cognitive activity and the impact of such activity on written report score and achievement of learning outcomes.
winter 2005 and in winter 2006. The evaluation statements were designed to assess how well the student felt the course learning outcomes were satisfied and to measure the effectiveness of the different learning media used in the course. One of the six course learning outcomes was specific to the outcome resulting from completing the virtual CVD laboratory. In addition, the effectiveness of the five learning media that were utilized in this course (physical laboratories, seminar speakers from industry, traditional homework assignments, a literature review, and the virtual CVD laboratory) were rated by the students. These evaluation statements and results are shown in Table III .
Analyzing these assessment results leads to an interesting juxtaposition. Students felt somewhat less proficient with the learning outcome concerning the virtual CVD, as compared to the other learning outcomes (average scores of 72% versus 75.5%). However, they felt that the virtual CVD was the most effective learning medium used in the course-even more so than physical laboratories (81% versus 75.5%). Although the students perceived the virtual CVD to be effective, after they completed the assignment, they only felt moderate mastery of the associated learning outcomes. These results highlight the complexity of the cognitive processes necessary to perform this task, which is precisely the benefit of applying instructional scaffolding.
VI. CONCLUSION
A virtual CVD laboratory has been developed with the intent of complementing, not replacing, existing physical laboratories. The laboratory is designed to allow students to engage more fully in certain aspects of the experimental design process; specifically, the experimental strategy, the analysis and interpretation of data, and the iterative process of redesign. These aspects require higher level cognitive skills. The simulation of the CVD reactor is based on fundamental principles of mass transfer and chemical reaction, obscured by added "noise." The software application contains a 3-D student client that simulates a cleanroom environment, an instructor Web interface with integrated assessment tools, and a database server complete with calculation engine. The application has integrated assessment tools directly available enabling formative and summative assessment strategies.
The virtual CVD laboratory has been implemented at OSU and remotely at the UO. Assessment has been performed to measure ways in which the virtual CVD laboratory promotes student learning. Task analysis of "think-aloud" sessions verifies that students are engaged in the intended, iterative experimental design approach of practicing engineers. Additionally, personality dynamics of the team members played a significant role in the project direction. Student performance was shown to be proportional to the number of higher level cognition statements as classified by Bloom's taxonomy. As measured by end of course surveys, students felt somewhat less proficient with the learning outcome concerning the virtual CVD laboratory, as compared to the other learning outcomes. However, they felt that the virtual CVD was the most effective learning medium used in the course, even more so than physical laboratories.
